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Abstract

Industrial coastal basins that host heavy industry can concentrate metal-bearing dust in school
environments. We performed a screening multi-matrix assessment across six schools in Quintero—
Puchuncavi (central Chile). We measured As, Cd, Cr, Cu, Ni, Pb, and Mn in surface soils (2023 winter
only), indoor settled dust, and settleable particulate matter (SPM) collected in winter (July 2023) and
summer (November 2023). Concentrations were determined by ICP-OES/ICP-MS and interpreted
with enrichment factors and the geoaccumulation index. An U.S. EPA screening framework was used
to estimate non-carcinogenic hazard (HQ) and incremental lifetime cancer risk (ILCR) for ingestion,
inhalation, and dermal contact, as well as general assessment for non-carcinogenic risk (HI) and
carcinogenic risk (Risk). SPM carried the strongest anthropogenic signal (EF up to 9900 for Cd, 408
for Cu, and 143 for Pb) and the highest summer loads (Cu >5000 mg kg’; Ni >1000 mg kg). Cu
dominated non-carcinogenic hazard (HQ up to 137), whereas ILCR was driven by Ni, As, and Cr,
exceeding 10 and reaching 10~ at inland schools in summer. Indoor dust showed intermediate
burdens, indicating indoor accumulation of outdoor-derived metals, while soils acted as longer-term
reservoirs. Despite the limited sample size, the results motivate emission control, dust mitigation in
schools, and targeted follow-up monitoring.

Keywords: human health risk assessment; indoor settled dust; settleable particulate matter; trace
metals; school microenvironments; industrial emissions

1. Introduction

Industrial development has supported economic growth, yet it has also intensified
environmental degradation and associated health inequities [1, 2]. Industrial sources emit trace
metals (TMs) and particulate matter (PM) that can persist in the atmosphere and accumulate in
outdoor soils and indoor reservoirs such as settled dust [1, 3, 4]. Metals span a wide particle-size
range; fine fractions contribute to inhalation exposure, whereas coarse and settleable fractions deposit
to surfaces and are readily transferred indoors [3, 4]. Children are particularly susceptible because
exposure factors (higher intake per unit body mass and frequent hand-to-mouth activity) coincide
with developing respiratory and neurological systems [4].

Across urban and industrial settings, studies report enrichment of toxic metals in street dust,
school dust, and deposited particulate matter, often accompanied by screening-level non-
carcinogenic and carcinogenic risks [5-8]. These findings support evaluating both outdoor deposition
and indoor accumulation, because settled dust is easily contacted and inadvertently ingested during
routine school activities [4-8].
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International guidance identifies particulate pollution as a major environmental risk factor and
has tightened guideline values for PM2s and PMuio, with explicit attention to vulnerable groups [9, 10].
Public-health agencies also stress that no safe level of lead exposure has been identified for children,
and that legacy reservoirs such as soil and dust can sustain exposure even when emissions change
[11]. Accordingly, characterizing contaminant sources in and around schools located near industrial
facilities is a priority for exposure reduction [9-11].

The term environmental “sacrifice zone” is a ‘theoretical” category used to identify and address
inequalities caused by excessive industrial development at the expense of the environment, resulting
in socio-environmental disasters [12, 13]. The populations affected are often low-income and reside
in areas heavily impacted by chemical pollution, living adjacent to highly contaminated industries or
military bases [14]. This framing emphasizes that exposure is shaped not only by emissions, but also
by land-use decisions and unequal regulatory protection, and it is often used by affected communities
to demand remediation and structural change [15, 16]. There are several sacrifice zones around the
world; however, the greatest increases have occurred in peripheral countries in Africa, Asia, and
Latin America [17].

Quintero-Puchuncavi, on the central coast of Chile, hosts a dense industrial corridor that
includes thermoelectric generation, oil refining, petrochemical operations, port activities and used to
include copper smelting [18-21]. Atmospheric deposition and soil surveys in the district report
elevated concentrations of Cu, As, Pb, and other elements, consistent with sustained industrial
influence and local topographic confinement [18-21]. In schools, indoor settled dust and settleable
particulate matter (SPM) provide integrative media linking outdoor deposition, infiltration, and
resuspension, and they are relevant to ingestion, inhalation, and dermal exposure pathways [3, 21,
22]. Recent school-based evidence further supports the public-health and environmental-justice
relevance of this setting [22].

Despite a growing literature on soils, atmospheric deposition, and air quality in the district,
evidence remains fragmented across media and seasons [18-22]. Few assessments combine soils,
indoor dust, and deposited particulate matter within the same schools, limiting inference on soil-to-
dust transfer and indoor accumulation [18-21]. In addition, multi-pathway risk assessments that
jointly consider ingestion, inhalation, and dermal contact remain scarce for schoolchildren in this
setting [21, 22].

To address these gaps, we applied a screening multi-matrix assessment across six schools,
measuring As, Cd, Cr, Cu, Ni, Pb, and Mn in surface soils, indoor settled dust, and SPM collected in
winter and summer. We evaluated enrichment using EF and Igeo and estimated non-carcinogenic
hazard and incremental lifetime cancer risk for ingestion, inhalation, and dermal contact using U.S.
EPA screening equations [23-26]. The aim is to provide an exposure-oriented evidence base for
school-level mitigation and local environmental management in an industrial coastal basin.

2. Materials and Methods

2.1. Study Area Description

The towns of Quintero and Puchuncavi are located on the central coast of Chile (32°45'S,
71°28'W), about 160 km northwest of Santiago and 50 km north of Valparaiso. The area lies within
the coastal plain, bounded by the Pacific Ocean and the coastal mountain range. Its geography and
topography-low-elevation terraces and valleys that funnel winds inland-restrict pollutant dispersion
and favor the accumulation of emissions. Climatically, it is characterized by a Mediterranean coastal
regime with mild winters, cool summers, and low annual rainfall (~350-400 mm) [27], with prevailing
southwesterly winds and frequent thermal inversions that trap pollutants near the surface. These
features, combined with limited precipitation, enhance the deposition and resuspension of PM and
TMs.
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Figure 1. Location of the study area in central Chile. The map shows the Valparaiso Region's position within
Chile (left), the Quintero and Puchuncavi districts' locations (center), and the Las Ventanas Industrial Complex
(VIC) polygon, the school sampling sites (E1-E6), and the urban areas highlighted in white (right).

Economically, the district has undergone a marked shift toward heavy industry since the 1960s,
with major installations in energy production, refining, and mining-related processing. Traditional
livelihoods such as agriculture, livestock, and artisanal fishing persist, but they coexist with an
industrial landscape that has reshaped land use and local exposure pathways.

Monitoring and case reports describe recurrent exceedances of air-quality standards and
episodic acute intoxication events in the district [28]. Surveys of soils and sediments report
enrichment of As, Pb, Cu, and Cd, in some cases exceeding health-based guideline values [18, 19, 22].
Ecological impacts have also been reported, including changes in seaweed, mollusk, and fish
populations [29].

These long term exposure to high concentrations of air pollutants characterize Quintero—
Puchuncavi as a sacrifice zone. Although recent developments lead to the closure of the copper
smelter of CODELCO Divisién Ventanas in June of 2023 [17], historically there has been a
prioritization of industrial activity and energy production over public health protection [2, 30, 31].

Quintero-Puchuncavi therefore represents an environmental-justice case in which concentrated
industrial emissions intersect with residential proximity and uneven regulatory safeguards.

2.2. Sampling Descriptions

Sampling was conducted at six educational establishments (E1-E6; see Figure 1) in the Quintero-
Puchuncavi district. Reptiblica de Francia School (E1) is located in Quintero, while La Chocota (E2),
La Greda (E3), Escuela Basica El Rungue (E4), Pucalan (E5) and Los Maquis (E6) are located in the
Puchuncavi sector. The results for each site were identified according to the numerical designation
assigned to each school.

Two campaigns were designed to capture seasonal contrasts: winter (July 2023) and summer
(November 2023). To indicate the corresponding season, results are labeled using the letters W and S
for winter and summer, respectively. Since soil samples were obtained only during the winter
campaign, no seasonal distinction is applied to soil sample results. Each sample was collected during
dry weather to minimize washout effects and to represent conditions typical of the region’s
Mediterranean coastal climate.
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Three environmental matrices were evaluated: surface soils, indoor settled dust, and outdoor
settleable particulate matter (SPM), representing major exposure media for schoolchildren. Soil
samples (coded “S”) were collected during the winter campaign from four schools (E1-E4). Between
three and five samples were taken per school. Surface soil was sampled from playgrounds and high-
traffic areas using a plastic spatula, stored in resealable polyethylene bags, and transported under
cooled conditions. In the laboratory, soils were air-dried (<25 °C) and sieved to <63 um nylon mesh
to isolate the fine fraction most relevant to ingestion and resuspension.

One indoor dust sample (labeled "D") was collected per school using a plastic spatula from high
furniture or other indoor surfaces and stored in sealable plastic containers. SPM samples (labeled "P")
were collected using a passive sampler constructed according to the specifications of the University
of North Carolina (UNC) passive aerosol samplers [32] fitted with nucleopore filters Whatman
111111. One sampler was deployed per school in open areas, avoiding wind obstructions whenever
possible. Unlike soil and dust, which were collected in a single day, passive SPM samplers remained
in place for about one month.

Following this sample and seasonal identification methodology, results are reported using
alphanumeric codes that combine matrix type, sampling season, and site number. For example,
winter indoor dust results from La Chocota School are identified as DW2, whereas a soil sample result
from Los Maquis School is identified as S6. A summary of the sampling process can be found in
Supplementary Table S1.

Quality assurance and quality control procedures were implemented throughout sampling and
handling. Equipment was acid-washed (10% HNOs) and rinsed with ultrapure water; personnel wore
powder-free nitrile gloves and avoided metallic tools. Samples were labeled with alphanumeric
codes, georeferenced (+5 m GPS), and accompanied by chain-of-custody records. Meteorological data
(temperature, wind speed/direction, precipitation) from the Chilean Meteorological Directorate were
used to contextualize conditions during SPM exposure [27].

2.3. Sample Preparation and Chemical Analysis

All samples were processed in the Environmental Chemistry Laboratory of the University of
Chile under strict chain-of-custody conditions. Soils and dust were air-dried at room temperature
and sieved to <63 um. SPM filters were handled in a laminar-flow hood, sectioned as needed, and
prepared directly for digestion.

Microwave-assisted acid digestion was used to extract metals from all matrices in PTFE vessels
with 10 mL of high-purity nitric acid. For soils and indoor dust, digestion followed a standard
program consistent with Method 30514, using 6-9 mg per sample [33]. For polycarbonate filters
(SPM), a staged program with an initial low-power step was applied to avoid rapid exothermic
reactions and to achieve complete mineralization, following Dos Santos Souza et al. [34]. After
digestion, solutions were filtered through 0.45 um PTFE membranes and diluted with ultrapure
water up to 50 mL for ICP-MS analysis. Reagent blanks were processed with each batch to verify
cleanliness, and all materials were thoroughly cleaned following standard procedure: 10 standard
rinses with distilled water, followed by 10 rinses with ultrapure water. Subsequently, the materials
were soaked in a 10% (v/v) HNOs solution for 48 hours [33, 34]. The digestion programs are
summarized in Table 1.

Table 1. Summary of acid digestion program for microwaved assisted acid digestion used for soil, indoor dust
and PM samples.

Sample Solution Step Power temI;aerll:t)ure Ramp Prl\e/ias)l(l.re Temperat Time
Matrix (mL) s (W) time (min) ure (°C) (min)
(°C) (Bar)
Soil/ 10 HNO:s
Indoor Suprapu 1 960 17545 5.5+0.25 S/1 17545 4.5

Dust r
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10HNO3 1 500 120 8 12045 10
Suprapu S/1
r

Particulat

e Matter 2 800 180 5 180+5 8

Quality assurance for soil samples was possible thanks to support of the Chilean Commission
of Nuclear Energy (abbreviated CCHEN in Spanish). Although, due to security reasons, results were
not provided, CCHEN assured the acid digestion process was successful.

2.4. Environmental Impact Assessment

To screen for anthropogenic influence and to compare contamination intensity across matrices,
we calculated enrichment factors (EF) and the geoaccumulation index (Igeo). These indices relate
measured concentrations to background levels and provide a standardized basis for interpreting
enrichment and contamination in soils, indoor dust, and deposited particulate matter.

The enrichment factor (EF) was calculated as the ratio of the concentration of each element to a
reference element in the sample, normalized by the same ratio in background soils. Manganese (Mn)
was selected as the reference element because of its geochemical stability, low mobility, and minimal
anthropogenic enrichment in the region [35]. EF values were interpreted using standard classes
ranging from minimal enrichment (EF < 2) to extremely high enrichment (EF > 40) [35].

The geoaccumulation index (Igeo), originally proposed by Miiller [36], was used to quantify
contamination relative to background by computing the base-2 logarithm of the ratio between the
measured concentration (Cn) and 1.5 times the background concentration (Bn). The factor 1.5
accounts for natural variability in background levels. Igeo was classified into seven categories from
uncontaminated (Igeo < 0) to extremely contaminated (Igeo = 5) [37, 38]. Background concentrations
were obtained from a baseline dataset for the Quintero-Puchuncavi district derived using a median
absolute deviation (MAD) approach [39], these values can be found in Supplementary Table S2. For
EF normalization, the measured Mn reference concentration in soils (Cret, Mn) was 834 + 223 mg/kg,
consistent with local natural conditions.

Numeric labels within cells indicate measured EF or Igeo values, formatted with one decimal
place if <10 and rounded integers if >10.

2.5. Health Risk Assessment (HRA)

The health risk assessment was conducted in accordance with EPA guidelines and used default
exposure factors. Key scenario parameters are summarized in Table 2. Further details on the
assumptions and parameters used are available in Supplementary Text 1 and Table 53. Two main
assumptions were applied: all exposures were chronic, and all samples were treated as dust.
Specifically, SPM and soil samples were each assumed to represent dust composed exclusively of one
of these materials. This approach aimed to assess scenarios where highly polluted SPM or soil
predominates the ID composition, allowing comparison with actual ID samples.

Table 2. Values used for the risk assessment calculations [22, 23, 25, 26, 40-43].

Children Chlrlldre Adolescents/adults
Variable Meaning
(<6 ages) (6-12 (12-80 ages)
8 ages) 8
Cnm (mg/kg) Concentration Concentration per sample
m (MBI per sample P P
IR (mg/day) Inieasttéon 100 60 60
Inhalation
3
InnR (m3/day) Rate 13.8 16.6 24.6
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Exposed Skin
Surface
Soil-Skin
SF (mg/cm?) Adherence 0.2 0.2 0.07

Factor

SA (cm?) 2800 5700 5700

Dermal
ABS (%) [As]  Absorption 0.03
Factor

Dermal
Absorption 0.001
Factor

ABS (%)
[Other]

Soil: 10;

Exposure ! Soil: 14; Dust:
Dust: 50; Soil: 10; Dust: 57; SPM: 67

Frequency us ot us 89; SPM: 102

SPM: 60

EF (day/year)

E
ED (year) xposure 5 3.5 30.5

Duration

Conversion
CF (kg/mg) factor 1-10¢

Particulate
PEF (m¥/kg) Emission 1.36-10°
Factor
BW (kg) Body Weight 10.8 45.6 106.5
Average time
(AT) for non-
ATnc (days)  carcinogenic ED x 365
effects to
manifest

Average time
(AT) for
ATca (days) carcinogenic 80 years x 365
effects to
manifest

All samples were treated like solid samples, because of this the estimated ingestion (I) per
exposition route for all samples were calculated using equations 3, 4 and 5. For the assessment of
health risk, Hazard Quotient (HQ) and Hazard Index (HI) were used to evaluate non-carcinogenic
effects. For assessment of carcinogenic effects Incremental Lifetime Cancer Risk (ILCR) and Risk
index (Risk) were used. The equations used correspond to 6, 7, 8 and 9 respectively.

Cp - IngR-EF-ED CnInnR-EF-ED
Iimgestion = BW - AT CF (3) Imnatation = BW - PEF - AT 4)
Cn'SA-SF-ABS-EF -ED
Ipermic = BW - AT CF (5)
I

HQ (6) HI = HQIngestion + HQInhalation + HQDermic (7)

ILCR =1-SF (8)
Risk = ILCRIngestion + ILCRInhalation + ILCRDermic (9)

Where Cn it’s the concentration of the element per sample (mg/kg) and n represents the age
groups used for HRA. Following the recommendations made by the EPA to identify potentially
unrealistic exposure scenarios or overestimated risks [23-25], values of HQ or ILCR that substantially

= %D
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deviated from their respective reference values were excluded from the analysis of HI and Risk
respectively. To assess the overall risk for the sampled area, the indices HI and Risk are summed. To
facilitate overall interpretation, HQ and HI two times higher than the threshold (value of 1) were
presented with decimals. Standard values used for the assessment are provided in Tables 2 and 3.

Table 3. Reference Dose (RfD) values (mg/(kg-day)"') and Slope Factor (SF) for each TE [40, 44-46].

TE RfDing RfC RfDderm SFing SFinh SFEper
As 3.0-10+4 1.5-105 1.2:10+ 1.5 1.51 3.7
Cd 5.0-10+4 1.0-105 1.0-105 - 6.3 -
Cr 3.0-103 1.0-10+ 6.0-105 0.5 4.2 2
Cu 3.0-10+ - 1.2:102 - - -
Ni 2.0-102 9.0-105 5.4-103 1.7 0.9 4.25
Pb 4.3-10+ 1.5-104 5.3-10+4 8.5-103 4.2-102 -

2.6. Statistical and Computational Tools

All statistical analyses were performed in R (v4.3.4). Descriptive statistics (mean, standard
deviation, relative standard deviation, and 95% confidence intervals) were computed for each matrix
and campaign. Because concentration distributions were non-normal and heteroscedastic, non-
parametric tests (Mann—Whitney U; Kruskal-Wallis) were used for comparisons across matrices and
seasons.

Pairwise comparisons were performed to assess statistically significant differences in the
concentrations of the six TMs among the sample types (particulate matter, soil, and indoor dust).
Analyses were conducted using R (v4.3.4) in RStudio.

Outliers were removed using the IQR method. Normality was assessed using the Shapiro-Wilk
test, and non-parametric Wilcoxon rank-sum tests were applied for pairwise comparisons of the TMs.
To control for Type I error, a Bonferroni correction was applied.

To enable pairwise comparisons among soil, PM, and ID samples, it was assumed that the soil
samples represented the overall sampling area. This assumption was necessary due to spatial
constraints in soil sampling and justified treating the sample types as dependent based on shared
area of origin rather than specific sampling points.

Post hoc pairwise comparisons were conducted using Dunn’s test with Bonferroni adjustment
to control family-wise error. For these analyses, soil samples were treated as representative of the
overall study area, acknowledging spatial constraints in soil sampling and the shared origin of the
matrices.

Certainty bands were used to evaluate the level of certainty for the SPM and indoor dust results.
Detailed descriptions of the methodology used to determine the ranges of the bands and the
associated certainty criteria can be found in Supplementary Text 2 and Tables 54-57.

3. Results and Discussion

3.1. Elemental Concentrations and Spatiotemporal Variability

Table 4 reports mean (+SD) concentrations of As, Cd, Cr, Cu, Ni, and Pb across soils, indoor dust,
and SPM. TMs concentrations were generally the highest in SPM samples, which exhibited the
highest per-sample maxima and average values across both sampling campaigns, followed by dust
and soil. However, in schools E1 and E2, soil samples showed higher concentrations than indoor dust,
deviating from the general trend.

Seasonal and spatial variability in elemental concentrations for all types of samples was reflected
in all the indices obtained.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In SPM samples, As, Cd, Cr, and Ni concentrations were higher during the warm season, while
Cu and Pb peaked in the cold season. Schools E5 and E6 showed increased levels of all metals in
summer. In ID, As, Cr, Cu, and Pb concentrations were generally higher in summer, while Cd and
Ni exhibited no consistent seasonal pattern across sites. Unlike SPM, dust samples did not show a
uniform increase in all metals during summer at any location.

As a general case spatial variability was pronounced, particularly in SPM, as reflected by high
standard deviations and relative standard deviations. The Supplementary Material (Supplementary
Table S8) provides site-level values and shows that schools E5 and E6, located in coastal valleys
downwind of the Ventanas complex, had the highest SPM concentrations.

Table 4. Average concentrations of TMs (mg kg!, mean + SD) in settleable particulate matter (SPM), indoor dust,

and soils collected from schools in Quintero-Puchuncavi during winter (W) and summer (S) campaigns.

Sample type As Cd Cr Cu Ni Pb

90.8+37.6  809+743  2965+157.4 4337.6 + 317.7+1594 377.7+1955
SPM - Winter (PW)
1997.5

469.4+615.5 340.6+457.2 1338 +1579.5 5328.3 + 1025.1£1316  706.8 £ 923.5
SPM - Summer (PS)

6902.9
Indoor dust — Winter (DW) 31.5+20.1 32+0.6 67.3+£29.2 689.5 + 511 84.6 +50 94.5+£51.5
Indoor dust - Summer (DS) 30.4+10.4 3.8+2.0 116.5+136.6  860.5+521.3 77.3+39.7 141.1+£52.6
Soil (Sites E1-E4) (S) 26.3+10.0 57+3.0 70.4+43.0 443.6 +387.4 57.7+19.0 82.9+32.6

The seasonal divergence suggests that summer increases are linked to enhanced resuspension
and dry deposition of contaminated material, whereas wintertime conditions may reflect differences
in emission patterns and atmospheric processing for Pb- and Cu-bearing particles [1]. Pairwise
comparisons (Supplementary Table S10) are consistent with these patterns. There were no
statistically significant differences between indoor dust and SPM samples, in contrast, significant
differences were observed between indoor dust and soil samples for almost all TMs (exception being
Cr, for which no statistically significant difference was found). These results suggest that the primary
source of TMs in ID is airborne PM. Consequently, the deposition of SPM appears to be the most
significant contributing process.

The dynamics between indoor dust and SPM, and the weaker seasonality exhibited by indoor
dust, are consistent with longer integration times indoors. This is associated with mechanisms that
promote particle deposition onto indoor surfaces, such as advection and turbulent diffusion, which
are typically strong enough to rapidly transport particles from the atmosphere to surfaces [3].

By contrast, soils and indoor dust were often more similar, suggesting that soil-to-dust transfer
occurs indirectly through resuspended particulate matter rather than direct contact, and shows it’s
comparatively stable and likely act as long-term reservoirs that feed SPM and dust through wind-
driven resuspension. Overall, SPM emerges as the most dynamic and contaminated medium, while
indoor dust represents the interface most directly connected to children’s exposure in schools.

3.2. Enrichment Factor and Geoaccumulation Index

Figure 2 summarizes EF and Igeo values for SPM, indoor dust, and soils across the district.
Cadmium (Cd) exhibited the strongest enrichment, with EF values reaching 9905 and Igeo indicating
heavily to extremely contaminated conditions at several sites. These results imply Cd concentrations
more than two orders of magnitude above background and are consistent with reports from other
industrially impacted environments [5, 6].

Copper (Cu) also showed persistent enrichment, with EF values ranging from 16 to 408 in SPM
and Igeo reaching class 4. This pattern is consistent with long-term contributions from copper

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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smelting and related metallurgical activities in the district, where Cu is a major emitted element [19-
21]. Resuspension under dry and windy conditions likely redistributes Cu-rich particles, facilitating
transfer into indoor environments.

Lead (Pb) showed marked enrichment, with EF as high as 143 and Igeo up to 5.9 in summer SPM
(PS6), consistent with strong anthropogenic influence. This signal aligns with contributions from
copper smelting and associated industrial processes reported for the district [19-21]. Because Pb is
strongly retained in soils and dust, legacy deposits can sustain exposure through erosion and
resuspension even as primary emissions change [4, 47].

Arsenic (As) exhibited moderate to high enrichment (EF = 6-21 in SPM), with Igeo values up to
class 3, indicating moderate to strong contamination. Although less extreme than Cd or Cu, these
levels are relevant given the established carcinogenicity of As via inhalation and ingestion [48].
Chromium (Cr) showed lower average enrichment but reached EF values up to 120 at localized
hotspots, indicating spatially heterogeneous contributions.
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Figure 2. Heatmap visualization of Enrichment Factor (EF, left) and Geoaccumulation Index (Igeo, right) values
for six TMs (As, Cd, Cr, Cu, Ni, Pb) across different sample sites in the Quintero-Puchuncavi district. Sampling
included surface soils (51-54), indoor dust (DS1-DS6; DW1-DW6), and settleable particulate matter (PS1-PS6;
PW1-PW6). Values are color-coded according to contamination categories: EF (Def-min = deficiency to minimal
enrichment, Mod = moderate, Sig = significant, V-h = very high, Ext = extremely high) and Igeo (Uncont =
uncontaminated, U-Mod = uncontaminated to moderately contaminated, Mod = moderately contaminated, H=
heavily contaminated, Mod-H = moderately to heavily contaminated, H-Ext = heavily to extremely
contaminated, Ext = extremely contaminated). Numeric labels within cells indicate measured EF or Igeo values,

formatted with one decimal place if <10 and rounded integers if >10.

The comparatively lower enrichment of Cr and Ni in soils relative to SPM likely reflects a
combination of background contributions and source-dependent partitioning across particle sizes. In
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the Quintero-Puchuncavi coastal environment, soil acidification and salinization linked to industrial
activity can influence TMs mobility and redistribution. Seasonal amplification was evident in SPM,
with EF and Igeo for Cd, Cu, and Ni peaking in summer, when drier conditions and stronger winds
enhance resuspension and transport [20, 27]. These effects were most pronounced in coastal valleys,
where topographic constraints limit ventilation and favor contaminant accumulation [20, 21].

By comparison, soils generally exhibited lower enrichment (EF < 10 for most metals), although
Cd still reached very high values at specific sites. Even with lower EF, soils function as longer-term
reservoirs and can contribute to airborne contamination via resuspension. Indoor dust, in turn,
integrates outdoor inputs and concentrates them in enclosed environments, which is especially
relevant in schools where children spend prolonged periods.

3.3. Health Risk Assessment

Table 5 and Table 6 summarize screening non-carcinogenic hazards and carcinogenic risks for
each matrix and season. For SPM, copper dominated non-carcinogenic hazard, with Cu HQ ranging
from 5.0 at PS1 to 137 at PS6-well above the HQ = 1 benchmark. Even when Cu is excluded from HI
and XHI to avoid masking other metals, SPM retained elevated cumulative hazard. In summer, HI
peaked at 39 (PS6) and 21 (PS5), compared with a winter maximum of 4 (PW4). Soils yielded HI
values < 1 across sites (maximum = 0.84 + 0.68 at S3). Indoor dust showed intermediate hazard,
consistent with its role as a conduit between outdoor deposition and indoor exposure.

Because Cu dominates the hazard profile, Table 2 reports HI and XHI excluding Cu for SPM and
indoor dust, while Cu HQ values are shown separately. When Cu is included (Hltwtal = HI + HQcu),
total hazard ranges from 15-50 for winter SPM (PW1-PW6) and 7-176 for summer SPM (PS1-PS6),
and from 2-10 for winter dust (DW1-DW6) and 4-10 for summer dust (DS1-DS6).

A consistent hierarchy of element contributions emerged across matrices. In SPM, Cu exceeded
non-carcinogenic thresholds by more than two orders of magnitude at the most impacted sites. Lead
and arsenic also contributed substantially, reaching HQ values of 12 and 7, respectively, at valley
schools (PS5-PS6). Cadmium and chromium contributed at lower levels but remained non-negligible
in SPM and dust. Soil HQ values were generally <0.1, indicating comparatively low direct-contact
hazard. Indoor dust acted as an intermediate medium, with HI values at or near unity in several
schools, reflecting accumulation and resuspension within classrooms.

Carcinogenic risk estimates show a different pattern. SPM was the dominant carcinogenic
medium, with Ni, As, and Cr exceeding 1 x 10 in summer at valley schools (PS5-PS6). Maximum
ILCR values reached 8.9 x 10* (Ni), 4.9 x 10* (As), and 2.9 x 10~ (Cr), which correspond to “probable
cancer risk” scenarios under U.S. EPA screening guidance. Soils were one to two orders of magnitude
lower (typically 10-6-10-%). Indoor dust contributed measurably, with XRisk slightly exceeding 1 x
10~*in summer. The carcinogenic ranking (Ni> As > Cr >Pb > Cd) reflects toxicity rather than absolute
concentration, whereas Cu drives non-carcinogenic hazard but contributes little to carcinogenic risk.
At the least impacted schools (E1-E2), ILCR remained <10-¢ across matrices, indicating negligible
carcinogenic risk.

Seasonal and spatial gradients provide additional context. For SPM, HI increased from 21 in
winter to 73 in summer, and XRisk increased from 7.5 x 10 to 3.1 x 10-3. This summer amplification
is consistent with drier conditions and stronger winds that enhance soil resuspension and particulate
transport. Spatially, valley schools (PS5-PS6) showed up to tenfold higher YHI and XRisk than
coastal schools, consistent with pollutant accumulation under topographic confinement.

Table 5. Hazard Quotients (HQ) and Hazard Index (HI) for settleable particulate matter (SPM), indoor dust (ID)
and surface soils. Because Cu yielded very high HQ values in SPM and ID and would dominate screening totals,
HI and XHI are reported excluding Cu to facilitate interpretation of the remaining metals. Total HI including Cu
can be obtained as HIiwtal = HI + HQcu. Seasonal averages were used to estimate the confidence levels for each

site, and these are available in Supplementary Table S9.
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Sampl As Cd Cr Cu Ni Pb Hazard Overall for
e- site Index* study
zone*
Hazard Quotient (HQ) HI THI
PW1 0.70 0.26 0.19 15 0.03 1.23 2.42 21
PW2 0.52 0.13 0.15 14 0.02 0.57 1.39
PW3 0.79 0.19 0.16 47 0.02 1.16 2.32
PW4 0.71 0.34 0.19 28 0.03 2.24 4
PW5 1.64 1.26 0.48 38 0.06 3 6
PW6 0.98 0.55 0.44 45 0.05 3 5
PS1 0.81 0.25 0.19 5 0.04 0.51 1.80 73
PS2 1.81 0.60 0.36 11 0.03 1.27 4
PS3 1.82 0.55 0.37 34 0.02 0.96 4
PS4 1.37 0.52 0.40 9 0.03 0.93 3
PS5 7 3 2.60 49 0.19 8 21
PS6 17 7 3 137 0.40 12 39
DW1 0.14 0.02 0.04 152 4510-3 045 0.66 5
DW2 0.16 0.02 0.05 2.14 0.01 0.27 0.51
DW3 0.39 0.02 0.05 9 0.01 0.57 1.04
DW4 0.17 0.01 0.05 3 4110-3 023 0.47
DW5 0.23 0.01 0.04 3 4.6:10-3 021 0.49
DW6 0.55 0.02 0.09 8 0.02 0.75 1.42
DS1 0.27 0.02 0.04 481 5110-3 0.1 0.93 6

DS2 0.16 0.01 0.30 2.79 0.01 0.42 0.90

DS3 0.36 0.02 0.05 9 0.01 0.59 1.03
DS54 0.19 0.01 0.05 4 4.7:10-3  0.70 0.95
DS5 0.33 0.01 0.05 9 4310-3 0.54 0.94
DS6 0.28 0.03 0.04 3 0.01 0.91 1.27
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51 004+ 001+ 002+ 029+ 13103 0.07+ 043+ 233+0.73
0.01 971104 0.01 0.15 * 0.04 0.16
3.7-10-4

52 006+ 001+ 001+ 058+ 82104 005+ 071
0.02 58104 6.6:10-4 0.10 * 0.03 0.11
1.3-10-4

S3 004+ 34103 001+ 071+ 89104 0.07+ 084+
0.01 + 4.0-10-3  0.68 * 0.02 0.68
7.9-10-4 2.9-10-4

54 002+ 2110-3 0.01+ 028+ 9.0104 005+ 035
3.7-10-3 + 1.2-10-3  0.19 * 0.01 0.19
8.0-10-4 3.1-10-4

HI and XHI were calculated excluding Cu for SPM and indoor settled dust; Cu HQ values are reported

separately.

Table 6. Incremental Lifetime Cancer Risk (ILCR) and Risk Index for settleable particulate matter (SPM), indoor
dust (ID), and surface soils (S) in schools of the Quintero-Puchuncavi district. Risks are interpreted against
USEPA thresholds (10-10-*), where values above 10 indicate “probable cancer risk” scenarios. Seasonal

averages were used to estimate the confidence levels for each site, and these are available in Supplementary

Table S9.
Sampl As Cd Cr Ni Pb Risk Overall, for
e- site index study zone*
Incremental Lifetime Cancer Risk (ILCR) Risk LRisk

Pw1  20-10° 2310° 1.610°% 5.6-10° 3.0-107 9.2:10°° 7.510#

pw2  1510° 1.1-10® 1.2:10°% 3510° 14107 6.2:10°

Pw3  2310° 1.610° 13-10°% 4.7.10°% 28107 8.2:10°

pPw4  20-10°> 3.0-10®° 1.5-10®% 7510° 55107 1.1-10*

PW5  47.10° 1.1-10® 3910° 14-10*¢ 6.8107 2.2:10*

Pwe  2810° 4.710° 3.5-10% 1.2:10¢ 7.7:107 1.810*

PS1 2.310° 2.210° 1l610°% 81-10° 12107 1.2:10* 3.1-10°3

pPS2 5.2-10%  5.2-10° 3.0-10°°> 7.6-10°5 3.1-107 1.6-10*

PS3 5210 4.810° 3.1-10°% 5410° 24107 1410+

PS4 3.9-105  4.5-10° 3.310° 7.2:10% 23107 1.4-10*

PS5 2.0-10¢ 2810% 22-10* 4.310* 19-10°¢ 8510+

PS6 49-10* 5.810®% 2910* 8910* 2910°¢ 1.7:10°

DW1 3510°¢ 4.3-10° 2810° 8710° 1.0-107 1.510° 1.7-10*
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DW2  39-10% 4.6-10% 3.2-10°¢ 20-10° 5.9-10% 2.7-10°

DW3 94-10% 4.2-10% 33-10°¢ 1910° 1.1-107 3.2-10°%

DW4  49-10°¢ 3.810° 4.0-10° 94-10° 5.710°% 1.810°

DW5  6.6-10% 3.0-10%° 3.4-10°¢ 1.0-10°°> 5.2:10®%  2.1-10°%

DW6  1.6-10°% 54-10% 75-10¢ 3510° 1.9107 5.9-10°

DS1 3.710 4.1-10°%°  3.7-10¢ 1.2:710°5 12107  5.2-10° 3.9-10#

D52 1.7-10% 3.4-10%° 3.1-10° 3.6-10°> 81-10® 8510

DS3 5.0-10° 4.7-10° 5.0-10¢ 19-10° 1.1-107 7.3-10°

DS4 2.8-10°% 3.4-10° 5.810°% 1.310° 1.7107 4.7-10°

DS5 5.0-10°° 4.4-10° 5110 1.1-10° 14107 6.7:10°°

DS6 4210 1.1-10®° 4.210° 21-10° 23107 6.7:10°

S1 1.1-10¢+ 2.2:107° 1.1-106+ 2.7-10°+ 1.6-10%+ 4.9-10°+ 1.6-105
1.9-107 + 73107  7.6107  8210° 1.1-10° 1.6-10-¢
25101

52 1.6-10¢+ 1.4-10° 7.6:107+ 1.7-10°+ 1.2-10%+ 4.1-10°=%
5.3-107 + 41107 19107 4410° 7.0-107
1.7-10-1

S3 1.2-10¢+ 9.0-10t 7.2:107+ 1910+ 1.7.10%+ 3.810°=%
3.3-107 * 3.0-107  5.9-107 4.6-10° 7.3-107
1.7-101

54 6.7107+ 55101 48107+ 1.9-10°+ 1.0-108+ 3.0-106=x
1.0-107 + 8.7108  6.4-107 2.7-10°  6.5107
2.1-1011

3.4. International Context and Comparisons

Evidence from Chilean studies around the Ventanas industrial complex is consistent with the
enrichment patterns observed here [18-22]. Independent surveys of topsoils, vegetation, and
atmospheric deposition in the district document spatial gradients of Cu, Pb, and Cd associated with
proximity to industrial sources and prevailing transport pathways [18-21], which explains the impact
of Cu in SPM and dust, after the closure of CODELCO Cu smelting. These studies also characterize
contaminated surface soils as persistent metal reservoirs in fine fractions, which supports the
plausibility of soil-driven resuspension contributing to settled dust and deposited particulate matter
[18, 39]. Recent school-focused work in the same district reported elevated metals in educational
microenvironments and quantified screening risks, reinforcing the relevance of schools as an
exposure setting [22]. Within the broader framing of environmental sacrifice zones, these convergent
findings indicate that schools and surrounding residential areas can experience chronic exposure
pressures even when regulations target point-source emissions [15, 16].
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Comparable dust- and soil-based assessments in industrial and mining-impacted settings show
that near-surface dust can act as an integrative sink for metal emissions and resuspended
contaminated soils, frequently motivating screening health risk evaluations [5-8]. Street dust in
Luanda, Angola shows that tropical urban environments can accumulate elevated TMs and generate
non-carcinogenic and carcinogenic risk estimates under standardized exposure assumptions [5].
Similarly, smelter-influenced urban dust in Northeast China exhibited high metal loads and
associated health risks, supporting the applicability of dust-based screening across smelter-affected
regions [6]. In Kabwe, Zambia, widespread soil contamination by Cu, Pb, Cd, and Zn persists and
supplies material for dust generation and human exposure [7]. Biomonitoring in the Katanga mining
belt reports high human exposure to cobalt and other metals, indicating that environmental
contamination results in measurable internal doses near mining and smelting operations [8].

School-based dust studies in large cities further support the use of indoor and outdoor dust as
exposure-relevant matrices for children who spend substantial time in classrooms. In Riyadh, Saudi
Arabia, heavy metals in elementary-school dust were assessed using pollution indices and screening
risk metrics, establishing an international benchmark for school-based evaluations [40]. Urban traffic-
dust studies likewise indicate that resuspended road dust transports metal mixtures contributing to
non-carcinogenic and carcinogenic screening metrics in densely populated settings [45]. Because
settled dust integrates infiltration, deposition, and resuspension, its metal burdens have been
associated with PMio concentrations and personal inhalation exposure, although translation to
airborne doses remains uncertain [49]. The intermediate contamination of indoor dust relative to SPM
and soils is consistent with an outdoor-to-indoor pathway governed by particle deposition and
resuspension [3, 49].

From a public-health perspective, WHO identifies particulate air pollution as a leading
environmental risk factor and has tightened guideline levels for PM25 and PMio to better protect
vulnerable groups [9, 10]. For lead, the CDC emphasizes that no safe blood lead level has been
identified in children and has lowered the blood lead reference value, highlighting the need to
minimize Pb-bearing dust exposure in schools [11]. Within the U.S. EPA risk-assessment framework,
hazard indices and cancer risks support screening and prioritization of further evaluation, with
regional screening levels providing consistent interpretive benchmarks [23, 24, 43]. Under this
screening framework, summer exceedances at inland valley schools indicate that school
microenvironments in industrial coastal basins require targeted follow-up monitoring and exposure-
reduction measures focused on deposited and resuspended dust [23, 24].

These results provide screening evidence that metal-rich deposited particles and indoor settled
dust can constitute relevant exposure media in schools located within topographically constrained
industrial coastal basins, with the highest risks observed at inland valley schools during summer.

3.5. Study Limitations, Strengths, and Recommendations

A key strength of this work is its multi-matrix design, which jointly evaluates surface soils,
indoor settled dust, and settleable particulate matter, thereby supporting an integrated interpretation
of contaminant reservoirs, indoor accumulation, and deposition-linked exposure pathways. Because
EF and Igeo depend on background selection, we anchored both indices to a locally derived
geochemical baseline estimated using a robust median absolute deviation approach [38, 39].
Integrating geochemical indexing with a transparent, screening-level HRA framework provides a
practical basis for prioritization while maintaining comparability with prior dust-based risk
assessments [5, 23, 24].

This study also establishes a clear foundation for subsequent refinement and expansion. The
dataset offers a focused, policy-relevant snapshot across six schools, with two seasonal campaigns
for dust and SPM and a winter soil survey, which is sufficient to detect consistent contrasts among
matrices and to identify priority locations and seasons for follow-up. Screening risk estimates are
derived from total metal concentrations and default exposure factors that are widely used for
prioritization and benchmarking, while acknowledging that site-specific behaviors, time-activity
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patterns, and building operations can further modulate exposure in real settings [23-26]. For
inhalation, deposited SPM must be related to airborne concentrations, and building and exposure
studies indicate that the correspondence between settled dust and PMio-bound metal exposures can
vary across microenvironments and operating conditions; paired measurements therefore represent
a straightforward next step to further constrain inhalation estimates [49]. Finally, although speciation
and bio accessibility were beyond the scope of the present campaign, incorporating these
measurements in future work would refine toxicity-relevant dose estimates for metals with form-
dependent hazards, particularly As and Cr [50].

From a risk-management perspective, screening exceedances provide a defensible basis to
prioritize targeted monitoring and mitigation at schools using established benchmark frameworks,
including U.S. EPA regional screening levels and associated risk-assessment guidance [23, 24, 43].
Follow-up campaigns would benefit from paired settled-dust, deposition, and airborne PM
measurements, including size-resolved sampling, to reduce uncertainty in inhalation exposure
estimates [49]. Where feasible, source-apportionment approaches and Pb isotope signatures can help
distinguish industrial contributions from traffic-related inputs to deposited particles [47]. At the
school level, exposure reduction is likely to be most effective when control of outdoor dust ingress is
coupled with cleaning protocols that minimize indoor resuspension, consistent with established
indoor particle dynamics [3]. At the regulatory level, explicitly incorporating school
microenvironments into air-quality management, surveillance, and risk communication aligns with
WHO guidance emphasizing the protection of vulnerable populations from particulate pollution [9,
10]. Because no safe level of lead exposure has been identified for children, reducing Pb-bearing dust
in educational settings remains a clear public-health priority [11].

5. Conclusions

This work presents a screening multi-matrix assessment of trace metals in school environments
within an industrial coastal basin in central Chile. The environmental impact index provides evidence
of the severe impact in the area, Settleable particulate matter (SPM) exhibited the highest
concentrations and enrichment, with EF and Igeo indicating strong anthropogenic influence at
several sites. Seasonal contrasts were evident, with higher summer burdens of As, Cd, Cr, and Ni in
SPM and, to a lesser extent, indoor dust. Although soils were generally less enriched, they represent
longer-term reservoirs that can sustain resuspension, while indoor dust functions as an intermediate
medium that transfers outdoor contamination into classrooms.

Health risk assessment offered valued insight in the risk for exposure to the matrices studied
throughout the zone. Under the U.S. EPA screening framework, Cu dominated non-carcinogenic
hazard (HQ up to 137), whereas ILCR was driven mainly by Ni, As, and Cr, exceeding 10 and
reaching 10 at inland schools in summer. Indoor dust produced intermediate hazard and risk,
reinforcing the need to account for indoor accumulation when evaluating children’s exposures.

Furthermore, this study highlights the importance of the results obtained from the Los Maquis
and Pucalan sectors. Which showed the highest TE concentrations across all sample types, and the
overall highest EF, Igeo, HQ, HI, ILCR and Risk indexes. These results showcase the importance of
assessing the impact area of a sacrifice zone or an industry objectively, minimizing or eliminating any
potential bias. Notably, these two sectors are not traditionally considered part of the affected area,
this may be attributed to their lower population compared to the sectors of Quintero and Puchuncavi.
Nevertheless, the findings indicate that some of the most potentially vulnerable populations may
reside in areas that are often overlooked. Geographic factors should be considered when delineating
the area for a health risk assessment, as the consistently elevated TMs concentrations obtained in all
samples in Los Maquis and Pucalan, may be attributed to their specific geographic characteristics and
serve as early indicators of potential exposure risk.

Finally, the multi-matrix evidence indicates that deposited particles and indoor dust can
constitute relevant exposure media in school environments within industrial coastal basins,
supporting confirmatory monitoring and risk-management evaluation in the most affected settings.
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